The internal structure of the superconducting state in Sr2RuO4 remains elusive at present, and exhibits evidence for time-reversal symmetry breaking. Recent muon spin relaxation measurements under uniaxial strain have revealed an increasing splitting between the superconducting critical temperature Tc and the onset of time-reversal symmetry breaking TTRSB with applied strain [Grinenko et al., ArXiv:2001.08152]. In addition, static magnetic order is induced by the uniaxial strain beyond ∼1 GPa, indicating that unstrained Sr2RuO4 is close to a magnetic quantum critical point. Here, we perform a theoretical study of the magnetic susceptibility and the associated pairing structure as a function of uniaxial strain. It is found that the recent muon relaxation data can be qualitatively explained from the perspective of spin-fluctuation mediated pairing and the associated strain-dependence of accidentally degenerate pair states in unstrained Sr2RuO4. In addition, while unstrained Sr2RuO4 features mainly (2π/3, 2π/3) magnetic fluctuations, uniaxial strain promotes (π, ±π/2) magnetism.
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I. INTRODUCTION
Strontium Ruthenate, Sr 2 RuO 4 , has managed the remarkable feat of remaining at the top of the superconductivity interest charts for more than two decades, albeit sometimes for the wrong reasons [1] [2] [3] [4] [5] . Until recently, the material was a prime suspect in the search for topological chiral triplet superconductivity. However, several new experimental results have challenged this picture [6] [7] [8] [9] , and the hunt is on to find a new consistent explanation for the panoply of observations on this fascinating material. These developments have not consigned Sr 2 RuO 4 to the junk heap of "ordinary" unconventional superconductors, but led to a discussion of new ways that the system may be extraordinary, if not odd.
Prior to 2018-2019, the lack of an NMR Knight shift suppression upon entering the superconducting state [10] , in conjunction with the evidence for time-reversal symmetry breaking (TRSB) from µSR [11] and nonzero Kerr rotation measurements [12] , pointed to chiral p-wave spin triplet superconductivity. However, there were several well-known flies in the ointment in the form of experimental evidence contradicting the p+ip-wave proposition. For example, NMR Knight shift results revealing constant susceptibility also in the case of out-of-plane magnetic fields [13] , the lack of chiral edge currents [14] [15] [16] , the evidence for Pauli limiting critical fields [17] , Josephson effects pointing to time-reversal symmetric superconductivity [18] , all did not straightforwardly support chiral p-wave as the preferred superconducting state in Sr 2 RuO 4 . In addition, several spectroscopic probes detected clear evidence for nodes in the superconducting gap, again not expected for a p+ip phase [19] [20] [21] .
Recently, a reduction of the Knight shift for in-plane magnetic fields was discovered in the superconducting state of Sr 2 RuO 4 [6, 22] , a crucial result that is in contrast to earlier NMR investigations [10] due to control of sample heating effects. This drop in the spin susceptibility below T c is in stark contrast to the Knight shift expected for the chiral p+ip-wave phase, and suggests the realization of an even-parity condensate in this material. A standard single-component even-parity nodal superconducting order parameter is inconsistent with evidence for TRSB and conclusions of recent ultrasound measurements [7, 8] . Both resonant ultrasound spectroscopy [7] and ultrasound velocity measurements [8] observe a discontinuity of the elastic constant c 66 at T c , implying a two-component superconducting order parameter. With the odd-parity E u p-wave solution out of the running, attention has therefore turned to the even-parity (twodimensional) E g representation or suitable combinations of one-dimensional representations [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . The E g state relies on interlayer pairing, a state hard to reconcile with the known weak interlayer coupling in Sr 2 RuO 4 . The latter possibility can be only relevant near degeneracy points, i.e. near regions of parameter space where two symmetry-distinct order parameters happen to be degenerate. An accidental two-component pairing state that seems currently consistent with the bulk of the experimental data, including the recent developments, is the d + ig state [25] .
However, at present only insight from additional experimental probes can help pinpoint the correct nature of the pairing state in Sr 2 RuO 4 . In this respect, recent muon spin relaxation (µSR) measurements under uniaxial strain are of significant interest [9] . Earlier, strain measurements had reported a notable absence of a cusp in T c vs. strain for both tensile and compressive strains, in disagreement with the chiral p+ipwave scenario [33, 34] . More recently, measurements focusing on larger strains and the onset of the timereversal symmetry-breaking µSR signal, have reported a clear strain-induced splitting between the superconducting T c and the onset temperature of the time-reversal (b) (a) symmetry-breaking phase, T TRSB [9] . In addition, uniaxial strain was shown to generate static magnetic order beyond ∼1 GPa [9] .
Here, we focus on the evolution of the superconducting pairing instability as a function of uniaxial strain. We follow the theoretical approach of realistic spin-fluctuationmediated pairing, including all bands near the Fermi level and sizable spin-orbit coupling (SOC) present in Sr 2 RuO 4 . This approach is known to mainly favor evenparity pair states (but also allows for odd-parity helical solutions) for interaction parameters consistent with constraints from neutron scattering experiments [35, 36] . Thus, importantly, it results in a near-degeneracy of symmetry-distinct pair states [37, 38] . This tendency for near-degeneracy is very distinct from, for example, ironbased systems and cuprates, favoring generally s +− and d x 2 −y 2 , respectively [39] [40] [41] [42] . Thus, Sr 2 RuO 4 is special in the sense that its Fermi surface features at least three competing nesting vectors that each prefer different superconducting pairing structures. Therefore the system is pair-frustrated with symmetry-distinct solutions lying close by in energy [37, 38] . From this perspective, the accidental degeneracy scenario is particularly appealing.
II. MODEL AND METHOD
From Angular Resolved Photoemission Spectroscopy (ARPES) experiments [43] [44] [45] [46] the normal state Fermi surface of Sr 2 RuO 4 constructed from the three Ru orbitals d xz , d yz and d xy is very well-established. In addition, the presence of a substantial SOC has been demonstrated. In this work, SOC is parametrized by H SOC = λ soc L · S. Since time-reversal symmetry is preserved in the normal state, all energies are doubly degenerate and we can write the non-interacting Hamiltonian in block-
where each block is labeled by a pseudospin index σ = +(−) and describes one member of the Kramer's doublet. The matrices H 0 and H SOC are given by
within the basis Ψ(k,
Here, 9, 80, 40 , 5} meV [46, 47] . Orbital hybridization between xz and yz is parametrized by t in g(k) = −4t sin(k x ) sin(k y ) which is set to t = 4.4 meV(= 0.05t 1 ) [32] . Spin-orbit coupling is set to λ soc = 35 meV and a lower value of 10 meV for comparison. Note that due to the use of renormalized hopping constants, λ soc = 35 meV corresponds to 0.4t 1 . Our model is restricted to two dimensions and we quantify compressive in-plane strain by a percentwise change in the hopping parameters as sketched in Fig. 1(a) . Along the (100) direction, the hopping parameters undergo a relative increase of dt t = −p > 0, while a relative decrease of vp is implemented along the (010) direction. Here v = 0.51 refers to the low-temperature inplane Poisson ratio recently reported by Barber et al. [48] . The average charge density is kept constant at four electrons at all strains by adjusting the chemical potential µ.
We investigate the influence of strain on spinfluctuation mediated superconductivity. The effective electron-electron interaction in the Cooper channel from the multi-orbital Hubbard Hamiltonian due to spin fluctuations was derived in Ref. 37 . It includes intraand inter-orbital Coulomb interactions and Hund's coupling terms and effective interactions mediated by spinfluctuations in the multi-orbital random-phase approximation
with the pairing interaction given by
The labelμ = (µ, s) is a joint index for orbital and electronic spin, and contributions from bubble and ladder diagrams are accounted for. In Eq. (4), χ 0 refers to the real part of the generalized susceptibility
which is evaluated at zero energy and includes the effects of SOC and strain. Leading and sub-leading superconducting instabilities at the Fermi surface are determined by a projection of the interaction Hamiltonian Eq. (3) to band-and pseudospin-space, followed solving the (linearized) BCS gap equation
for the eigenvalue λ and the gap function ∆ l (k f ) at wave vectors k f on the Fermi surface. The Fermi surface is discretized by approximately 1000 wave vectors and v(k f ) is the Fermi speed. The pairing kernel in band space is given by Γ l,l (k f , k f ), with the spin information carried by the subscripts l, l = 0, x, y, z which refers to the d(k)-vector [49] in pseudospin space. For further details we refer to Ref. 37 . As a consequence of Pauli's exclusion principle, pseudospin singlet states (l = 0) are even in parity, while pseudospin triplet solutions (l = x, y, z) are odd-parity states. Characterization in terms of irreducible representations of the D 4h group breaks down as a result of lowering of the point group symmetry to D 2h because of the applied strain, see also Fig.3(b) . Evenparity solutions are characterized by A 1g (B 1g ) of D 2h for solutions without (with) nodes along the axes k x = 0 and k y = 0. For simplicity, we denote all odd-parity solutions by B u . This encompasses solutions of the form k yx + k xŷ ,k xx + k yŷ , and k yẑ with a complicated momentum structure with formation of higher order nodes.
In the D 2h point group there are no symmetry-protected two-component solutions, thus the occurrence of degenerate solutions arises only accidentally. When referring to an irreducible representation of the D 4h group, we will use the notation 
III. RESULTS
First, we address the effect of strain on the normal state. The change in the density of states at the Fermi level (DOS) as a function of strain p is shown in Fig. 2(a) . For a band with λ soc = 35 meV, the γ-pocket touches the van Hove points at (0, ±π) at the strain value p c = −10.5 %. At this strain value, the DOS of the xy orbital peaks and the normal state Fermi surface undergoes a Lifshitz transition, where the γ-pocket splits at the van Hove points. This is illustrated in the insets of Fig. 2(a) and is in agreement with recent ARPES measurements [50] as well as ab initio calculations [33, 48, 51] . In Fig. 1(b) the Fermi nesting vector Q 3 = (π, π/2) is indicated [37, 47] . In unstrained samples, this nesting is only subdominant to the main peak at Q 1 = (2π/3, 2π/3), but time-of-flight neutron scattering has observed magnetic structures at Q 3 [52] . Here we argue that the effect of tuning the xy orbital through van Hove points causes the Q 3 peak to dominate the spin-fluctuation spectrum, see Fig. 2 . This occurs because Fermi surface nesting builds up as a consequence of the deformation of the γ-pocket and becomes the dominant contribution in the spin response, as shown in Fig. 2(b-d) for the out-of-plane (zz) spin component for increasing strain. The SDW order associated with the Q 3 (±π, ± π 2 ) ordering vector is approximately described by period two along the (100) direction and period four along the (010).
The superconducting response to applied strain is shown in Fig. 3 in the case of intermediate-coupling strengths of U and J with the superconducting pairing given by spin fluctuations as expressed in Eqs. (3) (4) . In In both the case of weak and strong SOC, strain gives rise to a splitting between the single leading and all the subleading superconducting instabilities. The leading instability appears in the A 1g channel. In the unstrained case, this solution corresponds to the d x 2 −y 2 state, which is nearly degenerate with the nodal s -wave solution [37] , as displayed in the inset of Fig. 3(a) . The eigenvalue of this solution increases upon applied strain; for λ soc = 10 meV the increase is immediate, while for λ soc = 35 meV it occurs for strain values |p| > 2 %.
By contrast, all the subleading superconducting solutions are rather inert to strain, or pushed down for a large range of applied strains. While the leading solution continues to display A 1g symmetry for all strains, the order of subleading solutions may change as a function of strain. In fact, an overall preference for odd-parity solutions upon strain occurs; the second-leading solution is of B u type in the case of strong SOC for |p| > 6 %, see Fig. 3(b) . For smaller values of SOC, the odd-parity solu-tions remain in close competition with other subleading solutions, as shown in Fig. 3(a) . In particular, the B 1g solutions, which also have nodes along the zone axes appear close in energy to the odd-parity solution.
In Fig. 3(c,d) we show the two leading A 1g solutions in the case of λ soc = 35 meV and |p| = 6 %. These gap structures are connected to the d x 2 −y 2 and nodal s -wave solutions of the unstrained system, respectively. The B 1g solution at |p| = 6 % shown in Fig. 3(e) is an even-parity solution with nodes along the zone axes, and resembles the g (x 2 −y 2 )xy state of the zero strain case. Theŷ-component of the B u leading odd-parity solution is shown in Fig. 3(f) . Surprisingly, we find the largest gap magnitudes on Fermi surface segments along the k x = 0 axis with no visible advantage of the large DOS region close to (0, ±π). This is different in the weak-coupling regime, as discussed below.
The recent experimental µSR results of Ref. 9 find a splitting between T c and T TRSB upon strain. Our results of Fig. 3 provide a possible explanation for this experimental finding due to the observed splitting between leading and subleading superconducting instabilities as a function of applied strain. The exact structure of the leading and subleading solutions, as well as their quantitative splitting, depends on the band structure, SOC and U/J coupling strengths. However, a clear property of the theory is the "splitting-off" of the leading instability from all the subleading states which are less affected by the strain. Therefore, we expect quite generally that T c is enhanced by strain while T TRSB remains rather unaffected by the strain field. Within the current scenario, any TRSB signal must arise from pinned supercurrents near defects and other lattice imperfections because the states considered are not chiral.
Recently, a proposal of an accidental degeneracy between d x 2 −y 2 and g-wave was presented [25] as a possibility to reconcile a number of experimental observations in unstrained Sr 2 RuO 4 , notably the c 66 jump in the B 2g shear modulus in ultrasound [7, 8] and the concurrent absence of a jump in the B 1g channel. In general, spinfluctuation pairing based on onsite interactions U and J find a g-wave solution which is strongly suppressed compared to the other even-parity solutions, see the orange curve of Fig. 3(a,b) . We point out that there are several other A 1g and B u solutions above the B 1g solution, which we have not shown in Fig. 3 for simplicity. While on a square lattice with repulsive interactions it has been shown that significant nearest-neighbor Coulomb interaction favors g-wave pairing [53] , it remains to be determined what microscopic interactions can enhance this channel in this multiband case. However, even in a case where g-wave pairing became subleading (and nearly degenerate) to d x 2 −y 2 -wave in the unstrained case, based on the strain-dependence of the d-and g-wave solutions from Fig. 3 , we expect qualitatively similar strainbehavior with an enhanced leading d-wave solution, and a roughly strain-independent subleading g-wave solution. Finally, it remains very interesting to determine experimentally whether the tendency for strain-enhanced odd parity solutions, resulting in e.g. ∆ 0 + i(∆ xx + ∆ yŷ ) superconductivity as in Fig. 3 , can be realized for sufficiently large strain.
The green region in Fig. 3(b) indicates the regime of spin-density-wave (SDW) order. In our formalism, the onset of a SDW instability is identified by a divergence of the spin susceptibilities, which, for fixed interaction strength, is triggered by the increase of applied strain. For the current band structure and interaction strengths of Fig. 3(b) , the SDW instability occurs at |p SDW | > 15 %. In Fig. 3 (a) the interaction strength U is lower and hence there is no signature of an approaching SDW instability. A recent theoretical study of the superconducting pairing within the one-band Hubbard model found that the RPA formalism overestimates the instability channels as one gets very close to the magnetic instability [42] . Therefore, we focus the pairing calculations on strain values below |p| = 15 %. A limitation of the current approach close to the SDW instability is the absence of competition between superconductivity and SDW order and low-energy fluctuations [54] . In particular, since we do not calculate the pairing solutions self-consistently, any feedback effect of SDW is not taken into account. However, it is clear that the onset of SDW order would decrease the DOS at the Fermi level, and thereby suppress Cooper pairing. As a consequence, we expect T c to gradually decrease upon entering the SDW phase, consistent with experiments [9] . As mentioned above in the discussion of Fig. 2(b-d) , the predicted structure of the SDW order is of the approximate (±π, ±π/2) form.
As evident from Fig. 3 , there is no direct correlation between the superconducting eigenvalues and the peak in the DOS. This is a feature of the intermediatecoupling regime owing to important changes in the spinfluctuation spectrum as a function of strain, as visualized by the z-component of the susceptibility in Fig. 2(b-d) .
When changes in the spin-fluctuation mediated pairing dominate the density of states effect, the leading and subleading instabilities are split. Our findings show that only one instability provides a favorable match to the enhanced nesting structures. With the complicated orbitaland spin-structure of the pairing kernel, Eq. (4), it is not a priori obvious which of the solutions will be favored under strain, but we find this behavior to be generic in the limit of intermediate-coupling strengths.
This conclusion is different from the case of weak couplings [33, 51, 55] . In Fig. 4 we display a typical example of the superconducting response to applied strain in the limit of weak interactions (U = 1 meV and J/U = 0.1). As seen, it is dominated by the increase in the DOS at the Fermi level. The A 1g and B u solutions increase initially, followed by a smaller decrease above the Lifshitz transition point, whereas the B 1g solutions remain largely unaffected by strain. As in Fig. 3 , we plot only the leading solution in each channel with the exception of the A 1g channel, where the two leading solutions are shown. In the vicinity of the Lifshitz transition, the three leading solutions are in fact all odd-parity order parameters. These are nearly degenerate and all take advantage of the nesting vector Q 3 = (π, π/2) depicted in Fig. 1(b) . This can be seen from Fig. 4(b) , which depicts the leading solution in theŷ channel. The Fermi surface regions with the largest gap values match the regions connected by the nesting vector Q 3 . Since the nesting vector connects symmetry-related momentum states on the same band, it does not promote even-parity states. This is visualized by the subleading even-parity A 1g solution in Fig. 4(c) which has a more elaborate nodal structure and does not provide an obvious match to the Q 3 = (π, π/2) nesting. Since the most prominent vector in the strained case is Q 3 , it is reasonable that the odd-parity solutions become favored in this limit. We conclude that in the weakcoupling limit, the favorisation of odd-parity solutions is a result of the new prominent nesting in the strained case and the signature of the DOS increase is visible in the superconducting channel. This behavior agrees roughly with the weak-coupling calculations in Ref. 33 . The simple picture breaks down in the intermediate-coupling regime discussed above, because of further orbital details in the pairing structure which are not captured by an increase of one single nesting vector.
IV. CONCLUSIONS
We have calculated the evolution of the hierarchy of superconducting solutions within spin-fluctuation mediated pairing under uniaxial strain. In the intermediatecoupling regime, it is found that the leading instability splits-off from all the subleading solutions as a function of strain, in qualitative agreement with recent muon spin relaxation measurements. This is in contrast to the weakcoupling regime where all pairing solutions follow the density of states evolution with strain. The proposed scenario for superconductivity in Sr 2 RuO 4 relies on the material being close to an accidental degeneracy of pair states in the unstrained case, and naturally explains the emergence of static magnetic order with sufficiently large uniaxial strain.
